Oxidation and corrosion can attack superalloy disk surfaces exposed to increasing operating temperatures in some turbine engine environments. Any potential protective coatings must also be resistant to harmful fatigue cracking during service. The objective of this study was to investigate how residual stresses evolve in one such coating. Fatigue specimens of a powder metallurgy-processed disk superalloy were coated with a NiCrY coating, shot peened, and then subjected to fatigue in air at room and high temperatures. The effects of this processing and fatigue cycling on axial residual stresses and other aspects of the coating were assessed. While shot peening did induce beneficial compressive residual stresses in the coating and substrate, these stresses relaxed in the coating with subsequent heating. Several cast alloys having compositions near the coating were subjected to thermal expansion and tensile stress relaxation tests to help explain this response of residual stresses in the coating. For the coated fatigue specimens, this response contributed to earlier cracking of the coating than for the uncoated surface during long intervals of cycling at 760°C. Yet, substantial compressive residual stresses still remained in the substrate adjacent to the coating, which were sufficient to suppress fatigue cracking there. The coating continued to protect the substrate from hot corrosion pitting, even after fatigue cracks initiated in the coating.
Introduction
Disk application temperatures of 700°C and higher (Ref 1) can heighten oxidation and preferentially activate hot corrosion attack modes in harmful environments, to become important design life limitations. Even just oxidation from exposures at 700°C and higher can impair the fatigue resistance of disk superalloys (Ref [2] [3] [4] . This oxidation process includes the formation of oxide layers and changes in superalloy chemistry and phases adjacent to the oxide layers. While the formation of chromium oxide is known to be protective, other nickel, cobalt, and titanium oxides can also form that are considered not protective. Selective oxidation of certain elements can also result in the formation of a zone adjoining the oxide layers without the strengthening gamma prime precipitates, leaving only the weak gamma phase at these locations. This layer can sometimes also recrystallize resulting in a finer grain size than the original microstructure. The grain boundaries in this zone can be susceptible to cracking during fatigue at high temperatures, related in part to a lack of Cr 23 C 6 carbides ( Ref 4) . These aspects of oxidation can lower fatigue life up to 98% due to cracking at the surface of disk superalloys.
Type II hot corrosion attack can occur at 700°C to nearly 800°C on superalloy surfaces by the melting of ingested deposits containing mixtures of sodium, magnesium, and calcium sulfates, as well as by direct impingement of SO 2 -containing exhaust gas. However, SO 2 gas is not necessary for hot corrosion attack. Salt deposits can liquefy as sulfates and react with surface oxides to make the oxide go into solution, becoming non-protective. This allows for hot corrosion attack of the newly exposed superalloy surface. The attack can be further enhanced at the grain boundaries in superalloys in certain conditions. Pits can form in some conditions, and general corrosion can occur in other conditions (Ref 7) . The pits can act as geometric stress concentration sites, which accelerate crack initiation during mechanical fatigue loading. These aspects of both pits and uniform corrosion can also lower fatigue life up to 98% due to cracking at the surface of disk superalloys (Ref 3, (8) (9) (10) (11) .
For susceptible locations, a suitable metallic coating could provide protection of exposed disk surfaces from such oxidation and corrosion effects. For example, PtAl, NiAl, and NiCoCrAlY (Ref 12) coatings have been extensively developed to protect superalloy airfoils from oxidation and corrosion. However, these coatings have lower ductility and fatigue resistance than turbine disk superalloys, at turbine disk temperatures extending up to 760°C. This is a serious concern, as an effective ''protective'' coating must not impair the fatigue resistance of the disk surfaces upon which it is applied, as disks are fatigue limited and fracture critical in aero-propulsion applications.
Many disk surfaces are shot peened after appropriate machining (Ref 13) . Shot peening can produce a consistent surface finish and impart beneficial compressive residual stresses near the treated surfaces that impede fatigue cracking (Ref 14, 15) . Protective coatings would need to be applied after fully machining a disk surface location, but could be introduced before shot peening, to take advantage of the potential benefits of subsequent shot peening. For such an approach, the residual stresses and roughness generated by shot peening within the coating would need to be evaluated, in order to minimize the coatingÕs effect on the diskÕs resistance to fatigue cracking, while still offering protection from oxidation and corrosion attack. The evolution of the coatingÕs residual stresses and surface roughness with heating and fatigue cycling would need to be considered in this evaluation.
The objective of the study was to determine the axial residual stresses, fatigue resistance, and corrosion resistance of a powder metal nickel-based superalloy that had been coated with a NiCrY coating and then shot peened. The effects of associated specimen processing, heating, and fatigue cycling on residual stresses, roughness, fatigue cracking, and hot corrosion resistance were evaluated. Cast alloys having compositions near that of the coating were also tested, in order to help understand the coatingÕs response.
Materials and Procedure
A nickel-chromium-yttrium coating was deposited on a PM disk superalloy LSHR for this study. The LSHR test material had the composition listed in Table 1 . LSHR superalloy powder was atomized, consolidated, and extruded. Extrusion segments were isothermally forged into flat disks (Ref 16) . Extracted blanks were supersolvus solution heat-treated at 1171°C for 2 h in a resistance heating furnace, then consistently cooled in static air and subsequently age heat-treated at 855°C for 4 h, followed by 775°C for 8 h. The resulting LSHR grain microstructure is shown in Fig. 1(a) , having an average linear intercept grain size of about 15 lm.
Samples of cast alloys 50-50Nb and UCX having compositions, Table 1 , which were near that of the coating (''coating alloys''), were obtained courtesy of Kubota Metal Corporation. These materials were tested in the as-cast form, as used in many applications. Cast and wrought Nichrome, having a composition with lower Cr content than the other ''coating alloys,'' was purchased as a hot worked bar of 19 mm diameter. Their average linear intercept grain sizes ranged from 50 lm for Nichrome to 740 lm for UCX.
Fatigue specimens having uniform gage sections 6.4 mm in diameter were then machined of LSHR. Tensile specimens having uniform gage sections 4.1 mm in diameter and 19 mm long were machined out of LSHR and the coating alloys. Additional cylinders 6.4 mm in diameter were machined from all these materials to measure thermal expansion.
High-power impulse magnetron sputtering (HiPIMS) was employed by Southwest Research Institute to apply a Ni-45Cr-0.15Y (weight percent, nominal) coating. Prior to coating, the test specimen surface was prepared by grit blast using alumina grit. Further details are provided in Ref 17. Coated and comparative uncoated fatigue test specimens were shot peened at Metal Improvement Company according to AMS 2432 using conditioned cut stainless steel wire (CCW14) at an intensity of 16 N and coverage of 200%. Here, 100% coverage indicates 100% of the elapsed time of shot peening required for the entire surface area to have been impacted. Correspondingly, 200% coverage indicates 200% of this required time of shot peening was applied (Ref 18) . After shot peening, all shot-peened specimens were heat-treated at 760°C for 8 h, in a low partial pressure of oxygen ($ 1.4 9 10
À16
MPa) to promote interdiffusion between the coating and substrate for the coated specimens. The low partial pressure of oxygen was intended to help form a protective Cr 2 O 3 chromium oxide layer on the surface. The microstructure of the coating after these preparation steps is shown in Fig. 1(b) . The coating had a mean thickness of 26.5 lm with a 95% confidence interval of ± 1.3 lm, using measurements of sections from unexposed test specimens. It consisted of a c nickel-rich matrix with about 15 area percent of a chromium-rich precipitates.
Fatigue cycling was conducted in accordance with ASTM E466-96 in air on all test specimens, using a servo-hydraulic test machine with a resistance heating furnace that enclosed the specimen and specimen grips. Stress was cycled between maximum and minimum stress values of 841 and À 427 MPa using a saw-tooth waveform at a frequency of 0.33 Hz. These stresses matched the stabilized maximum and minimum stresses produced by tests run on LSHR with strain cycled at a strain range of 0.76% and strain ratio (minimum/maximum strain) of 0 at 760°C. LSHR which had been prepared, coated, shot peened and heat-treated as described here had a mean fatigue life of about 70,000 cycles at 760°C. Uncoated specimens that were only machined, shot peened, and subjected to the same heat treatment as used for coated specimens also had a mean fatigue life of about 70,000 cycles at this temperature. However, individual specimen tests were interrupted here at 14, 700 and 35,000 cycles. These cycle intervals represent 0.02, 1, and 50% of the average coated fatigue life of 70,000 cycles that had been measured at 760°C. Different specimens were interrupted at these different intervals of fatigue cycles at 760°C and at room temperature. The average fatigue life of coated test specimens using the same applied stresses at room temperature was estimated to be about 100,000 cycles.
Selected coated and uncoated fatigue test specimens were examined before and after fatigue testing. Residual stresses were measured at the gage surface using a Bruker D8 Discover (area detector) x-ray diffractometer aligned in accordance with the approach and error bounds specified in ASTM E 915-10, but applied to the side-inclination rather than iso-inclination method. Further details are provided in Ref 17 . These x-ray results were analyzed using the Bruker LEPTOS v.7 software. Average roughness was measured using a Zygo NewView 7200 white light interferometer, with a 10 9 objective lens magnification having a resolution of 0.001 lm. Gage surfaces were also examined using a JEOL 6100 scanning electron microscope (SEM) at magnifications up to 50009.
Locations near one end of the gage surface were also electro-polished to various depths, in order to measure the variation in residual stresses with depth from the surface (Ref 17) . The effect of removing material on the subsequently measured stresses was determined using the appropriate stress relationships (Ref 19) , so that stresses could be corrected to account for this layer removal. Transverse sections were then sliced from the gage of each fatigue specimen and metallographically prepared for examination in the SEM.
The remaining gage sections of selected specimens were then subjected to an accelerated hot corrosion test. These specimen sections were corroded in air, by first coating them with a salt . Prior work indicated that uncoated LSHR test specimen sections salt coated in this manner and tested at 760°C in air nucleated and grew corrosion pits within just 24 h. The resulting pits had a substantial effect on fatigue lives (Ref 20) . Coated and uncoated fatigue specimen sections which were given this corrosion for 50 h were again examined in the SEM for the presence of pits.
Thermal expansion tests of LSHR and the coating alloys were performed with a Netzsch DIL 402 C push-rod dilatometer following ASTM E228-11, using sapphire as the standard.
The tests were performed in an environment of argon flowing at 40 mL/min. Specimens were heated at a rate of 2°C/min up to 815°C, held at 815°C for 10 min, and then cooled at À 2°C/ min to near room temperature. One specimen for each alloy was subjected to a single heating/cooling cycle. A second specimen was subjected to three of these thermal cycles, with 10-min isothermal segments at both ends, in order to measure repeatability and if the thermal strains changed with cycling.
Tensile tests of LSHR and the coating alloys were performed in general accordance with ASTM E8-16a and ASTM E21-09 in air, using a servo-hydraulic test machine with a resistance heating furnace integrated to enclose the specimen and specimen grips, and an axial extensometer attached to the specimen gage to maintain a strain rate of 0.5%/min. However, these tests were interrupted at a total strain of 1% and subsequently held at this strain for 24 h to measure the relaxation of stress. The coating alloy specimens were then cooled to room temperature, and a tensile test again run with an axial extensometer to maintain a strain rate of 0.5%/min. These tests were interrupted at a total strain of 1%, the extensometer was removed, and the tensile tests were continued to failure with displacement controlled to produce a rate of 0.104 mm/ min. This displacement rate gave an average estimated strain rate across the effective gage length of 0.5%/min.
Results and Discussion
Typical SEM images of the surfaces are compared in Fig. 2 after (a) initial machining, (b) machined plus shot peened plus heat-treated, (c) initial coating, and (d) coated plus shot peened plus heat-treated. Machined specimens had very fine polishing grooves in the axial direction. Grit blasting and coating this surface eliminated the axial-grooved texture. The coating had scattered ''spits'' or coating nodules (Fig. 2) , observed for all coated test specimens. These are believed to form from random arcing events in the plasma. So the coating had a rougher appearance over that of the machined surface. The shot-peened and heat-treated surfaces were more uniform, with the formerly grooved and nodular surface textures mostly eliminated, being replaced with an undulating, dimpled texture. Shot peening of the uncoated and coated surfaces resulted in folds of metal (''laps''), created by the impacts of shot (Fig. 2) .
Measured average surface roughness and peak-to-valley roughness are compared in Fig. 3 . Although more uniform in texture, shot peening increased the corresponding roughness of uncoated specimens, and both roughness parameters became more similar for uncoated and coated specimens that were shot peened and heat-treated, Fig. 3 . Here, uncoated specimens had slightly higher roughness values than measured for coated specimens.
The residual stresses measured at the surface before fatigue cycling are compared in Fig. 4 . Machining of the fatigue test specimens produced a compressive axial residual stress of approximately À 200 MPa at the surface. However, coating of this surface changed the residual stress, producing tensile surface residual stresses around 200 MPa in the coating. It is recognized that various coating processes can themselves introduce varied residual stresses in coatings of similar composition. Yet, this was curious as the present coating process utilized physical vapor deposition, which did not have the high-speed impacts of solid particles such as in cold spraying of coatings (Ref 21) . Subsequent shot peening produced comparable compressive residual stresses for both uncoated and coated surfaces. The final heat treatment at 760°C for 8 h relaxed compressive surface residual stresses for Fig. 3 Effects of specimen preparation steps on surface roughness: (a) average roughness (Ra) and (b) peak-to-valley roughness (Pv). Shot peening increased the roughness values of uncoated specimens (filled symbols), while roughness was maintained in coated specimens (hollow symbols) both uncoated and coated surfaces. Hence, the fully prepared uncoated specimens had a modest compressive residual stress measured at the surface of approximately À 200 MPa. Fully prepared coated specimens again had a modest tensile residual stress of near + 200 MPa. The generation of compressive residual stresses in the coating by shot peening has been described for MCrAlY coatings applied by various processes (Ref 22) and for NiCr coatings on superalloys (Ref 23) . However, the complete relaxation of these compressive stresses in the coating during subsequent exposures to 760°C was not expected. The reasons for this response of the coating will be considered in a later section. Very similar trends were also present for residual stresses measured transverse to the axial loading direction (Ref 17) .
These surface measurements suggested beneficial compressive residual stresses from shot peening were largely eliminated by heat treatment. Yet, for both coated (filled symbols) and uncoated (hollow symbols) test specimens, axial residual stresses also varied significantly with depth, when comparing shotpeened test specimens before and after heat treatment, Fig. 5 . Shot peening (black symbols) produced beneficial compressive residual stresses for both uncoated and coated test specimens within the near-surface region of 100 lm depth, which were greater in magnitude than those measured at the surface. The magnitudes of compressive axial stresses at and adjacent to the surface were reduced by the subsequent heat treatment (red symbols), especially within 25 lm of the surface for the coated specimens. At depths of over 25 lm, these reductions were more modest and comparable for coated and uncoated specimens. Overall, substantial compressive residual stresses of at least À500 MPa remained for both coated and uncoated specimens at depths of about 25 lm to over 100 lm. Therefore, in these regions, shot peening still did have lasting beneficial effects on residual stresses after heating, even in coated specimens. Similar partial relaxation of compressive residual stresses from shot peening by exposures at high temperatures has also been reported for similar though uncoated powder metal disk superalloys such as IN100 ( Ref 24 Test specimens were then subjected to fatigue cycling that was interrupted at 14, 700 and 35,000 cycles. These cycle intervals represent 0.02, 1, and 50% of the average fatigue life of 70,000 cycles that had been measured at 760°C. Typical surface appearance after fatigue cycling is compared in Fig. 6 . No fatigue cracks were observed for most combinations of fatigue test temperature and cycle intervals. The surface roughness was stable with continued fatigue cycling, with uncoated values remaining slightly higher than those for coated test specimens, Fig. 7 . However, fatigue cycling of a coated test specimen at 760°C to 35,000 cycles produced scattered cracks which were relatively flat and normal to the axial loading direction (Fig. 6 ). These cracks ranged from 23 lm to 580 lm wide and had an average number density of 5.5 cracks/mm 2 . Coating crack formation during fatigue cycling at certain conditions for NiCoCrAlY coatings on superalloy substrates has often been reported for turbine blade superalloys, usually attributed to the low ductility of their b NiAl phase at temperatures below about 870°C (Ref 12 ). Yet, the fatigue cracking in the present study of such a presumed ductile NiCrY coating was not expected.
The residual stresses measured at the surface were stable with continued fatigue cycling in most cases. Residual stresses (Fig. 8) were stable for coated test specimens (hollow symbols) at both test temperatures, even when the scattered axial cracks were observed at 760°C after cycling for 35,000 cycles. However, the axial residual stresses became more compressive for uncoated specimens (filled symbols) with continued cycling at 760°C. This change in axial residual 
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As-Coated/ +Shot Peened +760C/8h As-Machined Fig. 4 Effects of specimen preparation steps on the surface residual stresses in the axial loading direction. Shot peening produced closer compressive residual stresses for uncoated (filled symbols) and coated (hollow symbols) surfaces. Heat treatment at 760°C for 8 h relaxed out much of these compressive residual stresses at the surface Fig. 5 Comparison of axial residual stresses near the surface for uncoated (filled symbols) and coated (hollow symbols) test specimens that have been shot peened, before (black symbols) and after (red symbols) the interdiffusion heat treatment. Shot peening produced greater compressive axial residual stresses for uncoated and coated test specimens within the near-surface region of 100 lm. Substantial compressive residual stresses remained in the substrate after heat treatment, but the entire coating came into tension stresses appeared to be driven by the fatigue cycling, as the applied loads were in this axial direction. This may be associated with cyclic hardening. The trend was apparent after just 700 fatigue cycles, which required only 35 min. Since the 8-h heat treatment resulted in a significant decrease in the compressive stress (Fig. 4) , this increase in compressive stress indicates that the change in residual stress is due to fatigue cycling at 760°C and not associated with the short time at this temperature. The trend was not apparent on the surface of the coated specimens.
The residual stresses as a function of depth were also surprisingly stable with continued fatigue cycling in this region, Fig. 9 . Axial residual stress as a function of depth was stable for coated (filled symbols) and uncoated (hollow symbols) test specimens at both test temperatures. Increased intervals of fatigue cycles are indicated by increased symbol size, and the stress levels remained within a common band (dashed line). This was so even when the scattered axial coating cracks were observed at 760°C after cycling for 35,000 cycles. Other studies have reported greater reductions in compressive residual stresses with initial fatigue cycles of finer grain disk superalloys IN100 (Ref 24) and Udimet 720Li (Ref 25) , which then were stable during continuous cycling. The extent of these initial reductions have been shown to depend on the specific materialÕs mechanical properties, the plasticity resulting from Fig. 8 Surface residual stresses in the axial loading direction, after interrupted fatigue cycling. The surface residual stresses were stable with continued fatigue cycling in most cases, but axial stresses for uncoated specimens (filled symbols) became more compressive at 760°C (red symbols) with increasing cycles Fig. 9 Axial residual stress vs. depth near the surface after interrupted fatigue cycling of uncoated (filled symbols) and NiCrY-coated (hollow symbols) specimens. Residual stresses were stable (within the lined bands) with fatigue cycling in the coating and in the superalloy. Larger symbols indicate more fatigue cycles before interruption prior shot peening conditions, the specific fatigue cycles, and the specific test temperature (Ref 26). For example, fatigue cycles inducing larger plastic strains have been shown to induce greater initial reductions in these compressive residual stresses (Ref 25). Significant compressive residual stresses remained below the surface for both coated and uncoated test specimens in the present test conditions, indicating that the coating did not significantly change the static and cyclic stress relaxation response in the superalloy.
Images from a metallographic section prepared parallel to the loading direction after 35,000 fatigue cycles at 760°C are shown in Fig. 10 , to further examine the condition of the coating at this point. Scattered fatigue cracks occurred in the coating along the specimen surface. However, a majority of the cracks did not penetrate into the underlying superalloy. The sectioned cracks that did continue to grow into the superalloy extended in by less than 15 lm. This was consistent with the remaining compressive residual stresses measured in the superalloy substrate, which could retard the growth of fatigue cracks.
Images of coated and uncoated test specimen surfaces subjected to 50 h of hot corrosion with subsequent ultrasonic cleaning in water to remove any remaining salt and soluble reaction product are shown in Fig. 11 . Shot-peened plus heattreated test specimen surfaces are compared to those also given 35,000 fatigue cycles at room temperature or 760°C, each then corroded 50 h. The exterior surfaces of coated and uncoated test specimens were covered in Cr 2 O 3 oxide, initially formed during heat treatment. Yet, scattered large pits exposing the substrate beneath the surface oxide were also evident in the uncoated test specimens. For the coated test specimens, the oxide was attacked in places, but no open corrosion pits exposing the substrate were observed, even for specimens fatigue tested to 700 cycles or 35,000 cycles before hot corrosion. A higher magnification backscatter electron image (BSE) of typical sectioned samples subjected to 35,000 cycles at 760°C and 50 h of hot corrosion showed the coating was largely intact, Fig. 12 . Hence, for at least up to 50% of the expected LCF lifetime at 760°C and in the presence of cracks, the coating continued to protect the superalloy substrate from corrosion attack for the conditions evaluated. It appears that even after 35,000 fatigue cycles at 760°C, the scattered fatigue cracks did not provide open sites for pits to form in the underlying superalloy. Prior work showed that without shot peening of the coating, a similar Ni-35Cr-0.1Y (weight percent) coating still protected this superalloy from corrosion pitting after up to 1000 h of thermal cycling between 25 and 760°C (Ref 16). Cold-sprayed coatings of very similar composition (Ni-50Cr in weight percent) with remnant porosity have also been shown to protect steel substrates from corrosion pitting (Ref 27) . Hence, these NiCr coatings can continue to protect substrates from this corrosion in spite of some levels of flaws, including the porosity, oxidation, or fatigue cracking observed for these cases.
In further support of this point, a polished cross section with the present coating on a separate fatigue test specimen prepared with the same shot peening and heat treatment is shown for comparison in Fig. 13 . This coated specimen had been subjected to oxidation exposure in air for 500 h at 760°C and the hot corrosion test as above, followed by fatigue cycling Fig. 11 Comparisons of typical surface appearance of uncoated and coated test specimens after hot corrosion at 760°C for 50 h: (a) no fatigue cycles, (b) 35,000 fatigue cycles at room temperature, (c) 35,000 fatigue cycles at 760°C. The coating prevented corrosion from exposing the substrate after even 35,000 fatigue cycles, with no open pits observed. The axial fatigue loading direction is horizontal fatigue cracks grew through the coating, but many still did not extend into the underlying superalloy. Again, no corrosion pits were found that penetrated completely through the coating during the corrosion treatment. Therefore, the coating did appear to be robust, in still protecting the substrate superalloy from corrosion attack and pit formation for the present test conditions in the presence of these changes from extended oxidation exposures.
The persistence of tensile residual stresses in the coating, as measured at room temperature by x-ray diffraction, merited further consideration. It was notable that these tensile stresses were first measured in the coating after coating application. While shot peening did succeed in shifting these stresses to be compressive and of higher magnitudes, subsequent heat treatment at 760°C restored the tensile residual stresses at room temperature to values near those originally measured. Therefore, it appeared the stresses could be related to excursions to high temperatures.
Hence, specimens of LSHR and of ''coating alloys'' having compositions near that of the coating were prepared of consistent size and tested for linear coefficient of thermal expansion (CTE) up to 815°C. The resulting time-temperature expansion strain responses are compared in Fig. 14(a) . The LSHR substrate alloy displayed lower thermal expansion strains than all the coating alloys. The corresponding mean linear coefficient of thermal expansion is shown versus temperature in Fig. 14(b) , showing the same trend for this calculated value. Second specimens of each alloy were subjected to three repeated thermal cycles in order to confirm this response and to allow estimates of variability in the G G G G G Fig. 12 Longitudinal section prepared from a coated fatigue specimen after 35,000 fatigue cycles at 760°C, plus 50 h of hot corrosion at 760°C. G-alumina grit particles embedded during grit blasting, before the coating process. The coating did not show pits extending into the underlying superalloy. The axial fatigue loads had been applied in the vertical direction 50 µm α α Fig. 13 Secondary cracks observed in longitudinal section prepared from a coated fatigue specimen that was subjected to 500 h of oxidation at 760°C plus 50 h of hot corrosion at 760°C, and then fatigue tested at 760°C to failure. Multiple secondary fatigue cracks grew through the coating, but many still did not extend into the underlying superalloy. The axial fatigue load was applied in the vertical direction response. LSHR, cast UCX, and cast 50-50Nb had very consistent response. However, the repeated cycles of Nichrome produced higher CTE values than for the initial cycle, as shown in Fig. 15 . This could be related to remnant deformation from the cold drawing process used to produce the Nichrome bar, which was annealed out during the first cycle. The resulting stabilized mean linear coefficients of thermal expansion with 95% confidence intervals are indicated in Fig. 16 , affirming that the coating alloys did have significantly higher thermal expansion than LSHR. These values are tabulated in Table 2 . The residual stresses that can be generated due to differences in thermal expansion between coatings and substrates have been considered in various levels of complexity ranging from uniaxial analytical elastic models that consider only thermal mismatch strains to finite element modeling that consider thermal mismatch strains as well as transient effects of the coating application process, for example . A simple analytical approach considering only elastic strains generated by thermal mismatch was used for an initial evaluation, using available data and these materials. When the coating/substrate pair has a coating thickness much smaller than the substrate radius, the axial and transverse elastic residual stresses (r a % r t ) in the coating have been estimated as:
where E c is YoungÕs elastic modulus of the coating, m c is PoissonÕs ratio of the coating, T eq is the temperature at which the coating and substrate are at equilibrium and stress free, and T is the temperature at which the stresses are evaluated. Experimental verifications of residual stresses using digital image correlation (Ref 29) and using x-ray diffraction (Ref 30) have indicated that this is a reasonable first approximation. For the present study, the substrate and coating were estimated to be at a temperature near 760°C upon deposition, and so the substrate and coating were assumed to be stress free at that temperature. Table 2 includes typical values from the suppliers for YoungÕs elastic modulus and PoissonÕs ratio, along with the calculated residual stresses in the coating. The calculated residual stresses in the coating alloys at room temperature are near that measured in the coated fatigue specimens by x-ray diffraction. One important aspect in considering this estimation of stresses generated in the coating is the stress-bearing capability of the coating alloys. The coating is not strengthened by gamma prime precipitates as is the LSHR and should be weaker than this substrate. Tensile tests were therefore performed at 760°C, an approximate maximum temperature of the coating/substrate in some applications, and also the temperature used in the heat treatment for 8 h of the coated fatigue specimens after shot peening. However, these tensile tests were interrupted and held at a strain of 1% for 24 h to assess how much relaxation of any generated stresses can occur in the alloys at this temperature, as shown in Fig. 17 . Among the coating alloys, the lowest average yield strength ranged from 169 MPa observed for 50-50Nb to 316 MPa measured for Nichrome. LSHR had much higher average yield strength of 993 MPa. During subsequent stress relaxation at 1% strain (Fig. 17b) , the coating alloys all relaxed stresses far more rapidly and to greater magnitudes than for LSHR. Among the coating alloys, stresses sustained after 8 h relaxation ranged from only 30 MPa for 50-50Nb to 88 MPa for Nichrome, Table 2 . These values for the coating alloys were far lower than the stress of 524 MPa sustained by LSHR after 8 h of relaxation. The finer grain size of the actual applied coating could give higher yield strength, but lower resistance to stress relaxation than measured for the coarse grain coating alloys tested here. So these tensile stress relaxation tests were judged still useful for initial engineering estimates of the resistance of the coating to stress relaxation, in comparison with that of LSHR. Clearly, the coating could support very little residual stress at 760°C. But the coating could support residual stresses when subsequently cooled down to room temperature, where yield strengths exceeding 300 MPa are reported (Ref  32) . Therefore, the modest tensile residual stresses measured by x-ray diffraction after coating the specimens and cooling to room temperature were consistent with the higher coefficients of thermal expansion measured in the coating alloys than in the substrate superalloy LSHR. While subsequent shot peening did generate compressive residual stresses in the coating, at temperatures near 760°C these stresses in the coating would quickly relax to near zero. Hence, tensile residual stresses would again be generated when cooling from this temperature, due to the higher thermal contraction of the coating than of the substrate superalloy. The lack of compressive residual stresses in the coating after shot peening plus heat treatment helped account for the earlier cracking of the coating during fatigue cycling. Yet, the substantial compressive residual stresses retained in the superalloy substrate impeded crack growth there, and held the coating cracks tightly closed. Hence, the coating could still protect the superalloy substrate from corrosion pitting.
Summary of Results
LSHR fatigue test specimens were coated with a NiCrY coating, and then shot peened and heat-treated along with uncoated test specimens. Shot peening made average roughness more uniform, but the induced compressive residual stresses relaxed at the surface during subsequent heat treatment for both coated and uncoated test specimens. Modest tensile residual stresses were generated in the coating, related to the greater thermal contraction of the coating than of the substrate. Yet, significant compressive residual stresses remained below the surface of the substrate for both the coated and uncoated cases. Following shot peening and heat treatment, both coated and uncoated specimens were fatigue cycled at room temperature and at 760°C for up to half the average LCF lifetime previously measured at 760°C. For both the coated and uncoated case, the surface roughness and residual stresses remained stable, except that the axial residual stress at the surface for the uncoated specimen became more compressive with continued cycling at 760°C. In addition, for the coated sample, cracks appeared in the coating after the longest period of cycling (35,000 cycles) at 760°C. Following the fatigue cycling, sections of each sample were corroded at 760°C for 50 h. Corrosion pits were observed to form on the uncoated samples. However, although the thin surface oxide was attacked on the coated samples, no corrosion pits were observed even where fatigue cracks existed in the coating. Tests of alloys near the coatingÕs composition indicated modestly higher thermal expansion, along with much lower strength and stress relaxation resistance of the coating than the superalloy substrate can explain the coatingÕs stress response. The resulting residual stresses allowed enhanced cracking of the coating, but impeded growth of these cracks in the superalloy substrate.
Conclusions
This examination of the influences that processing and fatigue cycling have on residual stresses in a NiCrY-coated powder metallurgy disk superalloy showed: 1. Shot peening can make the roughness of coatings more uniform, but the induced compressive residual stresses at the surface relax in this coating at high temperatures.
(a) Differences in thermal expansion coefficient between the coating and superalloy substrate can then result in modest tensile residual stresses in the coating near room temperature. (b) Yet, substantial compressive residual stresses can still remain below the surface in the substrate.
2. The shot-peened surface can remain intact during continued fatigue cycling with stable roughness and residual stresses for most cases, except for longest cycling at 760°C:
(a) For uncoated test specimens, axial residual stresses can become more compressive with cycling and surface cracking is not expected until after 35,000 cycles. (b) For coated specimens, cracks can begin to form sooner in the coating, consistent with the above elimination of compressive residual stresses in the coating. Yet, the adjacent substrate can retain stable compressive residual stresses, sufficient to continue suppressing fatigue crack growth into the substrate.
3. Corrosion resistance in air at 760°C for 50 h is not strongly impacted by this fatigue cycling:
(a) For uncoated specimens, the oxide layers formed during such intervals of fatigue cycling at 760°C are not sufficiently protective to prevent corrosion pits from still reaching the substrate. (b) For coated specimens, the NiCrY coating can remain protective after these intervals of fatigue cycling to continue preventing these pits from forming, even when fatigue cracks have begun to form, or after extended oxidation.
